adenylyl cyclase ACA was determined. Second, we used For both leukocytes and D. discoideum amoebae, the GFP technology to study the localization of adenylyl chemotactic responses are mediated via G protein-coucyclase in live chemotaxing cells. We found that alpled receptors. Upon activation of the receptors, the G though ACA is not required for chemotaxis, it is essential proteins dissociate into ␣ and ␤␥ subunits and these for cells to align in a head to tail fashion and stream into aggregates. We suggest that this occurs because ACA is highly enriched at the back of migrating cells *Correspondence: parentc@helix.nih.gov
thereby providing a compartment from which cAMP is kinesis behavior, presumably because they have endogenous adenylyl cyclase activity that generates enough secreted and acts as a chemoattractant.
cAMP to induce the chemokinesis response. However, when we decreased the cell density to 2 cells/100 m
,

Results
wild-type cells appeared non-polarized and immobile. After the addition of a uniform amount of chemoattracaca Ϫ Cells Have Polarity Defects tant, the cells responded and became polarized and and Do Not Stream motile much like the aca Ϫ cells did (data not shown). In an attempt to understand the role of adenylyl cyclase These results show that, like neutrophils, D. discoideum in the establishment of polarity as well as chemotaxis, amoebae require chemoattractant stimulation to acwe examined the properties of cells lacking the adenylyl quire polarity, a prerequisite for the development of micyclase ACA. These experiments were performed on gration. cells that were treated with cAMP every 6 min for 5-7
Once wild-type cells have begun chemotaxing to a hr, which mimics normal developmental cAMP signaling point source of cAMP, they eventually organize into and bypasses the cAMP production defect of aca showed that the cells expressed the expected ‫071ف‬ kDa fusion product exclusively in the membranous pellet aca Ϫ cells, on the other hand, do not immediately migrate to the tip of the micropipette. Instead, they initially fraction (data not shown). The enzymatic activity of ACA-YFP in response to receptor activation was determined respond to the gradient by acquiring a polarized shape. Subsequently, after a short lag, the now polarized aca Ϫ by performing adenylyl cyclase assays. In these assays, intact cells are stimulated with chemoattractant and at cells efficiently chemotax to the tip of the micropipette ( Figure 1A and Supplemental Movie S4 available at specific time points the adenylyl cyclase activity is measured in lysates. Whereas aca Ϫ cells had no detectable above website). Furthermore, once polar and properly chemotaxing, aca Ϫ cells are able to extend pseudopods adenylyl cyclase activity upon receptor activation, the ACA-YFP/aca Ϫ cells showed the characteristic rapid rise from their original migrating fronts and turn in response to abrupt changes in chemoattractant gradients. Figure in enzyme activity followed by a slow return to basal levels ( Figure 2A ). Taken together, these results demon-1B shows a montage of images captured as aca Ϫ cells are turning in response to a change in the position of strate that the ACA-YFP fusion protein has retained wildtype-like properties. the micropipette.
The fact that the aca Ϫ cells become polarized and We studied the cellular distribution of ACA-YFP in differentiated, chemotaxis-competent cells. Remarkmobile when exposed to a chemoattractant gradient reminded us of the well-established chemokinesis propably, we observed that the plasma membrane distribution of ACA-YFP in these polarized and differentiated erty of neutrophils in which cells stimulated with a uniform increase of chemoattractant polarize and start to cells was strongly asymmetric with one end of the cells showing a much brighter fluorescent signal ( Figure 2B ). randomly move (Hauert et al., 2002; Zigmond et al., 1981) . We therefore asked if aca Ϫ cells would respond This enrichment was also observed in thin 1 m confocal sections, thereby excluding the possibility that this clussimilarly and therefore share this characteristic with neutrophils. As shown in Figure 1C and Supplemental Movie tering was due to membrane ruffling. Several experiments were performed to rule out that the asymmetric S5 (available at above website), moments after the uniform addition of 10 nM cAMP, the aca Ϫ cells went from distribution of ACA-YFP was an artifact. First, we generated and compared cell lines in which the amount and being mostly spherical and stationary to polarized and motile. When plated at standard cell density (15 cells/ enzymatic activity of ACA-YFP varied by a factor of ‫.01ف‬ As can be seen in Figure 2B , aca Ϫ cells expressing both 100 m 2 ), wild-type cells do not display this chemo- To gain more insight into the mechanisms that regulate ated ACA-YFP/aca Ϫ cells. As was the case for the uropod labeling, this distribution was observed in cells exhow ACA-YFP is enriched at the uropod of cells, we studied the distribution of ACA-YFP at various times pressing both high and low levels of ACA-YFP ( Figure  2B ). To rule out that the vesicles were part of the lysoafter the onset of starvation as the cells acquire polarity ( Figure 3A ). In their non-differentiated, vegetative state, somal pathway, we exposed the cells to a dye that specifically labels lysosomes (Lysotracker). As seen in Supthe amoebae are round and show little polarity. However, as they starve and differentiate, the cells elongate, plemental Movie S8 (available at above website), the ACA-YFP (in green) and Lysotracker (in red) signals did so that after ‫5ف‬ hr of starvation they exhibit a highly polarized shape. At the initiation of starvation, ACAnot colocalize. These results suggest that the intracellular vesicles are not delivering ACA to lysosomes for YFP/aca Ϫ cells display a uniform fluorescent signal at their surface ( Figure 3A , 0 time point). As the cells differdegradation. Therefore, it is possible that ACA is being specifically transported, perhaps as part of a signal entiate and polarize, the ACA-YFP signal becomes asymmetrically distributed on the plasma membrane, transduction pathway. type counterpart, the constitutive mutant displayed a amount of total protein ( Figure 5A , inset), this shows that there are significantly more ACA molecules at the dramatically reduced enrichment at the back ( Figure  5B ). To further study this, we acquired confocal images back of wild-type cells. In addition to the reduced enrichment at the back, we also observe that the constitutive of cells expressing the wild-type and the constitutively active mutant and performed quantitative analyses of mutant displays a higher number of intracellular vesicles ( Figure 5C ). When we placed the mutant cells lines in a the fluorescence intensity measured at the back and front of cells ( Figure 5C ). Because of the peculiar distrigradient of chemoattractant, they all chemotaxed and the aberrant cellular distribution of the constitutive mubution of ACA-C-YFP, quantification was restricted to a small area of the plasma membrane at the uropod of tant was retained ( Figure 5E ). These results show that the cellular distribution of ACA is dependent on the state mutant and wild-type-expressing cells (see Experimental Procedures), a strategy that may have significantly of activation of the enzyme, whereby high constitutive activity leads to a considerable change in the amount underestimated the enrichment of the wild-type enzyme. Nevertheless, we found that cells expressing wild-type of ACA that is present in the plasma membrane and vesicular pools, respectively. ACA have on average greater than 3 times more ACA at their back, compared to 1.5 times for the constitutive mutant ( Figure 5D ). Furthermore, cells expressing wildThe Localization of ACA at the Uropod Is Essential for Streaming type ACA display 2.4 times more total fluorescence at their back compared to cells expressing the constitutive
The observations that ACA is essential for streaming and that it is enriched at the uropod suggest a mechanism to mutant. Given that both cell lines express a comparable In these experiments, the micropipette is located just did however respond and chemotax to the tip of the micropipette (see Supplemental Movie S10 available at below the frames. While wild-type cells form long streams, the bright fluorescent GFP/aca Ϫ cells are alabove website). Because these cells have high basal adenylyl cyclase activity and are therefore constantly ways migrating either alone, behind, or on top of an existing stream. Moreover, we did not observe wild-type exposed to higher cAMP levels, we performed the same experiment with 10 Ϫ5 M cAMP in the micropipette. Here or GFP/aca Ϫ cells align at the rear of GFP/aca Ϫ cells. In this regard, the aca Ϫ cells clearly behave as stream again, the cells moved toward the tip of the micropipette but, as in the previous experiment, they showed a severe terminators ( Figure 6B) . As a control, we mixed ACA-YFP/aca Ϫ cells with GFP/wild-type AX3 cells and, as streaming defect (data not shown). These results strongly suggest that the streaming process is depenexpected, found streams composed of both cell types ( Figure 6C) . Remarkably, when we studied how individdent not only on ACA, but most remarkably, on its proper cellular distribution to the uropod. ual cells migrated to form streams, we noticed that they frequently chemotaxed specifically to the tail of the cell To further support our hypothesis stating that the uropod localization of ACA is essential for cells to stream, in front of them, often undergoing significant cytoskeletal rearrangements to do so ( Figure 6D ). These results we set out to study the cellular distribution of ACA in cells lacking myosin II. Myosin II has been shown to be support the notion that cAMP is released primarily from the uropod during chemotaxis and streaming.
important for defining axial polarity and, based on our streams ( Figure 7D , see also Supplemental Movie S11 available at http://www.cell.com/cgi/content/full/112/4/ 549/DC1). Furthermore, when Shelden and Knecht (1995), performed cell mixing experiments, they found that myoII Ϫ cells migrated primarily at the lateral edges of wild-type streams and appeared to act as stream terminators. Taken together, these results strongly suggest that cellular polarity, and the asymmetric distribution of ACA that results from it, are required for cells to organize into streams. establish that ACA needs to be responsive to an external stimulus and be properly localized for streaming to take place. It therefore follows that the uropod must be the findings, we reasoned that ACA-YFP should be mislocalized in myoII Ϫ cells (Wessels et al., 1988) . Figure 7C site where cAMP is secreted. We cannot rule out that in addition to acting as a chemoattractant, cAMP could shows myoII Ϫ cells that were starved and pulsed with exogenous cAMP for 6 hr before and 14 min after being also regulate adhesion. It has indeed been reported that cellular adhesion plays a role in the streaming process exposed to a chemoattractant gradient. As reported, the cells display severe polarity defects, yet they do later in development (Gomer, 2001 . Second, we envision that the signal mutant of ACA does display an aberrant cellular distriburelay mechanism that D. discoideum amoebae use to tion, where the extent of uropod enrichment is dramaamplify the chemotactic response and stream is comtically reduced and the amount of vesicle labeling is mon to other cell types. We propose that the amplificaproportionally increased compared to the wild-type ention response is instigated the moment cells are exzyme. This suggests that the state of activation of ACA posed to chemoattractants, which causes cells to is important for its cellular localization. Since the uncoupolarize and become motile. Indeed, our data show that pled mutant was properly localized, the aberrant distrithe acquisition of cellular polarity and the asymmetric bution of the constitutive mutant can be interpreted in distribution of ACA necessitate chemoattractant recepeither of two ways. First, it could imply that the localizator stimulation, whether the chemoattractant is added tion is somehow dependent on the amount of cAMP uniformly-as in chemokinesis-or when presented as present. In this scenario, the constant presence of cAMP a gradient. This then initiates a series of events that would lead to a high turnover of vesicle trafficking belead to the asymmetric distribution to the uropod of the tween the plasma membrane and intracellular pools. Quantitative Analysis of Fluorescence Intensity A confocal stack was taken through the entire cell using the Ul-1991). The ACA-YFP plasmid was electroporated into D. discoideum cells as previously described using a Bio-Rad gene pulser (Howard traView spinning disk confocal system. A maximum intensity projection was made of the center sections; sections were not used if et al., 1988; Pitt et al., 1992). Cells stably expressing ACA-YFP were selected in media containing 5 or 20 g/ml G418. ACA-YFP clones the plasma membrane overlapped the cytoplasm of the previous section. To measure the total fluorescence in the uropod, an area were obtained by plating transformants on Kleibsiella aerogenes lawns (Sussman, 1987) . The developmental phenotype of the clones was outlined on the uropod membrane and the fluorescence intensity of all pixels within the designated area was summed together. was determined by plating them on non-nutrient agar at 22ЊC, as described by Devreotes et al. (1987) .
Discussion
If the ACA-YFP construct being expressed was polarized, that section of the uropod was marked and quantified. If the ACA-YFP construct expression was not polarized, an average stretch of uropod Cell Culture and Development membrane was marked and quantified. These numbers were used Wild-type, aca Ϫ , crac Ϫ , pkacat Ϫ , and myoII Ϫ cells were grown to to compare the total uropod fluorescence in cells expressing wild-‫5ف‬ ϫ 10 6 cells/ml in HL5 media ( ACA-YFP/aca Ϫ and GFP/aca Ϫ cells were pulsed as described above. After 5 hr, the two cells lines were mixed (75% ACA-YFP/aca Ϫ cells Sub-Cellular Fractionation and Immunoblotting and 25% GFP/aca Ϫ cells), spotted on a chambered slide, and a Cells were differentiated for 5 hr, resuspended in DB at 4 ϫ 10 7 cAMP-containing micropipette was placed into the chamber and cells/ml, and lysed through 5 m nucleopore filters. The lysates were activated. Streams were allowed to develop and visualized using centrifuged and the pellets were resuspended in Laemmli buffer both phase and fluorescence microscopy. (Laemmli, 1970) . Whole-cell, pellet, and supernatant samples were subjected to 7% SDS-PAGE analysis and transferred to Immobilon
